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(57) ABSTRACT

A method of controlling an inverter for converting a DC input
to an AC output, the method including measuring a voltage of
an AC output produced by the inverter; determining a drive
voltage for controlling the inverter; and if a difference in
amplitude and/or phase between the drive voltage and the
measured voltage exceeds a predetermined threshold, modi-
fying the drive voltage to reduce the difference in amplitude
and/or phase between the drive voltage and the measured
voltage. The method may be particularly useful for control-
ling an inverter during “islanded” operation with a variable
load, and may therefore be useful e.g. in marine, battlefield,
disaster relief and/or aviation electrical power systems.
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1
METHOD OF CONTROLLING AN INVERTER
AND A CONTROLLER FOR CONTROLLING
AN INVERTER

FIELD OF THE INVENTION

The present invention relates to a method of controlling an
inverter for converting a DC input to an AC output and a
controller for controlling an inverter to convert a DC input to
an AC output. The AC output may be a three-phase AC output,
for example.

BACKGROUND OF THE INVENTION

Most inverter-connected generation is designed to work in
“grid-connected” mode. This means that it treats the PCC
(point of common coupling) as a reasonably stiff voltage
source (e.g. such that an impedance between the PCC and the
transmission network is small compared to a per-unit inverter
impedance, and such that the transmission network can be
treated as an infinite bus). In this mode, the inverter switching
bridge can generally be controlled so that it produces con-
trolled currents which result in controllable active and re-
active power exports [1]. To control the currents with
adequate fidelity to avoid damage to switches during faults
generally requires high-bandwidth inner current loops with
bandwidths of at least 1000 rad/s (at least 160 Hz) [2] for 50
Hz systems.

An inner current loop can be viewed as controlling an
inverter based on a nominal output current, e.g. which take the
form of “ideal” (“target” or “reference”) currents, and usually
involves the use of current limits so as to avoid the currents
produced by the inverter from becoming too high. Current
limits are generally easy to employ, since the reference cur-
rents can be clipped to levels safely below those which would
cause damage to the solid-state inverter components.

To use such inner current loops, the target currents (the
current references) generally need to be determined by math-
ematical methods or by outer control loops. This process is
relatively easy during normal grid-connected operation, and
there are multiple references to this (for example, [1], [3],
[4]).

For inverters using inner current loops, it is not always
obvious what the reference currents should be. This is par-
ticularly true in islanded or small power system operation
when loads may be unbalanced or contain harmonic compo-
nents, or during fault scenarios.

For example, in islanded scenarios, the required currents
are determined by the connected loads (or other generators).
If a new load is switched on, the currents must generally
change to meet that new load. The loads may be unbalanced,
and may even be single-phase loads. The loads may draw
harmonic currents. Such issues have traditionally been
addressed for UPS (Uninterruptible Power Supplies) by the
use of “deadbeat” or similar controllers which determine the
currents required to produce clean, balanced sinusoidal volt-
ages at the UPS output terminals, at the target voltage mag-
nitude and frequency. For example [5] [6]. Such schemes are
established for the control of single inverter feeding a small
power network. The schemes do not generally extend well to
the use of multiple parallel inverters feeding the same net-
work, due to the multiple controllers attempting to force
frequency and voltage at closely coupled points of common
coupling (PCC) (described in [7]). Parallel operation of such
inverters generally requires high switching frequencies and
also dedicated high-bandwidth communications between
inverters. High switching frequencies are generally required
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since the switching frequency can limit the bandwidth of the
inner current loop, which in turn can place limits on the
bandwidths of any outer control loops which determine the
current references.

For inverters of significant size (100 kW or more), switch-
ing speed is limited due to the acceptable switching losses.
Switching frequencies of 1.5-4 kHz are typical. These switch-
ing frequencies generally preclude the use of dual nested
current and voltage control loops, since the bandwidth of the
voltage control loop will not be high enough to control the
actual voltages to meet the balanced sinusoidal targets, lead-
ing to poor voltage power quality. In particular, if a load is
added or removed, the finite control response time will result
in voltage transients on the network, as the inverter transiently
outputs currents which are incorrect to match the demand.

An alternative, in islanded scenarios, is the use of lower
switching frequencies and lower bandwidth inner current
loops, coupled to a voltage control loop, including droop
controls which allows multiple inverters to be used in parallel,
without high bandwidth communications. This is described in
[7]. It requires the use of accurate state-space models of the
filter inverter network, and Kalman filters to predict the
response [8]. Although promising, this method has not yet
been demonstrated in the public domain beyond simple use
cases (i.e. balanced, sinusoidal, non-fault conditions).

During fault scenarios, the determination of the “ideal”
currents to source can also be problematic. The emerging grid
codes for renewable power sources and large inverters (or
amalgamations of many small inverters) generally state that
“maximum reactive power” should be exported by the
inverter during a voltage dip (fault) [9] [10] [11] [12]. For
three-phase faults, the reference currents can usually be deter-
mined relatively easily. For unbalanced faults, or faults con-
taining transients or harmonics, it is often not clear what the
ideal reference current should be, without intimate knowl-
edge of the fault impedances. Thus, for example, a grid-code
compliant response is shown in [4] for an unbalanced fault, by
sourcing balanced currents, while [13] compares three con-
trol schemes which produce different balanced and unbal-
anced currents in response to the same fault conditions. While
generally acceptable when connected to large “stiff” grids,
such fault response would be highly undesirable within a
power system which is not so stiff, or which contains a high
proportion of inverter-connected sources with such a
response. This is because the balanced “reactive” currents
sourced into an unbalanced fault may result in significant
voltage unbalance, possibly including overvoltage on un-
faulted phases.

The conventional response of generating plant within
power systems is provided by large synchronous generators.
During faults, these generally behave as a balanced, sinusoi-
dal voltage source, with a high rotational inertia, connected to
the PCC via a transient inductance [14], which is typically in
the region of 5-15% of the per-unit impedance of the machine.
This generally gives rise to currents in the region of 6-20
times the rated values of the machine, for the duration of the
fault. This may be acceptable for a wound machine for short
periods of time, e.g. causing temperature rise in the windings
but not permanent damage. The response of such machines is
normally to continue sourcing balanced sinusoidal voltages.
The currents which flow are generally determined by the fault
impedances (balanced or unbalanced) and the network topol-
ogy. Note that the action of the machine is generally always to
tend to restore the voltages at the PCC to the balanced 1 pu
sinusoidal case, and the rotational inertia tends to stabilise the
frequency. The voltages at the PCC will generally not be held
exactly to the balanced 1 pu sinusoidal condition, due to the
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finite value of the machine transient reactance. This reactance
can also limit the currents which flow, to allowable levels (the
“fault level”).

Such response is highly desirable from inverters, during
faults. However, in general this is not economically possible
since the solid-state switching devices within the inverter may
be damaged if any peak current greater than, for example, 2 pu
(per-unit) flows for even a single part of a cycle. This is
because allowing higher values of overcurrent require more
expensive switch devices, or multiple switch devices in par-
allel.

In general terms, the inventor has found inner current loops
to work well during “grid-connected” operation, but less well
during “islanded” operation, especially if a fault develops.

None of the known methods for providing islanded or fault
ride-through operation of inverters allows the use of an inner
voltage (rather than inner current) control loop to provide a
synchronous generator type response, while also providing
overcurrent protection for the inverter devices, and also
allowing the inverter to continue operation to ride-through the
fault. An inner voltage loop can be viewed as controlling an
inverter based on a nominal output voltage, e.g. a balanced
three-phase voltage of nominal amplitude at 50 Hz.

The present invention has been devised in light of the above
considerations.

SUMMARY OF THE INVENTION

In general, the invention relates to a method of controlling
an inverter in which a drive voltage (for controlling the
inverter) is modified to reduce a difference in amplitude and/
or phase between the drive voltage and a measured voltage of
an AC output produced by the inverter, if the difference is (or
becomes) too large.

A first aspect of the invention may therefore provide a
method of controlling an inverter for converting a DC input to
an AC output, the method including:

measuring a voltage of an AC output produced by the
inverter;

determining a drive voltage for controlling the inverter; and

if a difference in amplitude and/or phase between the drive
voltage and the measured voltage exceeds a predetermined
threshold, modifying the drive voltage to reduce the differ-
ence in amplitude and/or phase between the drive voltage and
the measured voltage.

By controlling an inverter based on a drive voltage (which
may be characterised as use of an “inner voltage loop”), the
inventor has found that the inverter is able to work effectively
during “islanded” operation as well as during “grid-con-
nected” operation. By reducing a difference in amplitude
and/or phase between a drive voltage and a measured voltage
if a predetermined threshold is exceeded, the inventor has
found that the inverter is able to avoid large overcurrents
during “islanded” operation (as well as during “grid-con-
nected” operation), even if a serious fault develops.

The method may be particularly useful for controlling an
inverter during “islanded” operation with a variable load, and
may therefore be useful e.g. in marine, battlefield, disaster-
relief and/or aviation electrical power systems. The method
may also be useful for creating simple “generic” behavioural
black-box inverter models using voltage-sources (i.e. not
modeling high-bandwidth control loops, switching devices or
PWM waveforms). This may be useful, since it may lead to
simpler models which can be replicated many times within
power system simulations with acceptable memory require-
ments and execution times.
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The method may have any one or, to the extent that they are
compatible, any combination of optional features that will
now be set out. These are applicable singly or in any combi-
nation with any aspect of the invention. Thus, the invention
also includes any combination of the aspects and preferred
features described.

The drive voltage may be for controlling the inverter to
produce an AC output based on the drive voltage. The drive
voltage may be produced, for example, based on a measured
voltage and/or current of an AC output produced by the
inverter. For the avoidance of any doubt, the drive voltage
may be a theoretical voltage, e.g. represented by a value or set
of values that is/are used to control the inverter, but not actu-
ally produced as a voltage during the method. In this sense,
the drive voltage can be viewed as a “nominal” or “target”
drive voltage. Control schemes which use a drive voltage are
known in the art.

Preferably, the drive voltage is for controlling the inverter
indirectly, e.g. with the controller producing switching sig-
nals (e.g. pulse width modulated signals) for controlling one
or more switches of the inverter based on the drive voltage,
e.g. switching signals for controlling one or more switches of
the inverter to produce an output voltage based on the drive
voltage. For the avoidance of any doubt, the drive voltage
could be a multi-phase drive voltage and the output voltage
could be a multi-phase output voltage (see below for an expla-
nation of multi-phase voltages), e.g. with the controller pro-
ducing switching signals (e.g. pulse width modulated signals)
for controlling one or more switches of the inverter based on
the multi-phase drive voltage, e.g. switching signals for con-
trolling one or more switches of the inverter to produce a
multi-phase output voltage based on the multi-phase drive
voltage.

By way of example, an (e.g. multi-phase) output voltage
produced by the one or more switches could have a rectan-
gular waveform with a duty cycle that is based on (e.g. a phase
of) the (e.g. multi-phase) drive voltage. In a multi-phase case,
each phase of a multi-phase output voltage produced by the
one or more switches could have a respective rectangular
waveform with a duty cycle based on a respective phase of a
multi-phase drive voltage.

By way of example, an (e.g. multi-phase) output voltage
produced by the one or more switches could have a waveform
(e.g. a rectangular waveform) that corresponds to, e.g. has an
average voltage that is approximately equal to, substantially
equal to or approximately linearly proportional to, (e.g. a
phase of) the (e.g. multi-phase) drive voltage. In a multi-
phase case, each phase of the multi-phase output voltage
produced by the one or more switches could have a respective
waveform that corresponds to, e.g. has an average voltage that
is approximately equal to, substantially equal to or approxi-
mately linearly proportional to, a respective phase of a multi-
phase drive voltage.

In this context, “approximately equal” preferably means
equal to the extent that there is a percentage difference (or
“error”’) of no more than 10%, for example. Preferably, the
percentage difference is much less than 10%, and would
typically be set by parameters such as required dead-times in
switching, finite switching times for on/off and oft/on transi-
tions and (typically non-linear) semiconductor component
losses. Also, the actual output voltage(s) are also typically
affected by a DC bus voltage, which generally varies with
time. The DC bus voltage are preferably measured and taken
into account in determining e.g. PWM duty cycles required
for the output voltage produced by the one or more switches
to correspond to the drive voltage.
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In this context, “approximately linearly proportional to”
accounts for the possibility of the output voltage produced by
the one or more switches being affected by a DC bus voltage
(which, as noted above, will generally vary with time), the
switching properties of the switches, any dead-times between
switching transitions, and any linear or non-linear losses due
to switch component properties. These effects are preferably
taken into account, e.g. in determining PWM duty cycles
required for the output voltage produced by the one or more
switches to correspond to the drive voltage, e.g. so as to
minimise errors.

For the avoidance of any doubt, the “predetermined thresh-
0ld” need not be a fixed value. For example, the threshold may
be dependent on one or more parameters that may vary over
time. Therefore, the “predetermined threshold” could take the
form of a threshold that varies over time, e.g. as determined by
one or more pre-defined conditions, rather than being limited
to a fixed value.

For the avoidance of any doubt, the “predetermined thresh-
0ld” could be one of a plurality of predetermined thresholds,
e.g. with the method including modifying the drive voltage to
reduce the difference in amplitude and/or phase between the
drive voltage and the measured voltage if a difference in
amplitude and/or phase between the drive voltage and the
measured voltage exceeds any one of a plurality of predeter-
mined thresholds. For example, if the measured voltage and
the drive voltage are multi-phase voltages (see below), then
there could be a respective predetermined threshold (and/or
multiple predetermined thresholds) for each phase of the
multi-phase voltage.

Preferably, the measured voltage is converted into a “mea-
sured voltage” vector representative of the measured voltage
in a reference frame, preferably a two-dimensional reference
frame. Preferably, the drive voltage is provided as a “drive
voltage” vector representative of the drive voltage in the
(preferably two-dimensional) reference frame. Preferably,
the difference in amplitude and/or phase between the drive
voltage and the measured voltage is a difference between the
drive voltage vector and the measured voltage vector in the
(preferably two-dimensional) reference frame, e.g. such that
the method includes, if a difference between the drive voltage
vector and the measured voltage vector in the (preferably
two-dimensional) reference frame exceeds a pre-determined
threshold, modifying the drive voltage vector to reduce the
difference between the drive voltage vector and the measured
voltage vector in the (preferably two-dimensional) reference
frame.

Accordingly, the first aspect of the invention may provide a
method including:

measuring a voltage of an AC output produced by the
inverter, wherein the measured voltage is converted into a
measured voltage vector representative of the measured volt-
age in a (preferably two-dimensional) reference frame;

determining a drive voltage for controlling the inverter,
wherein the drive voltage is provided as a drive voltage vector
representative of the drive voltage in the (preferably two-
dimensional) reference frame; and

if a difference between the drive voltage vector and the
measured voltage vector in the (preferably two-dimensional)
reference frame exceeds a predetermined threshold, modify-
ing the drive voltage vector to reduce the difference between
the drive voltage vector and the measured voltage vector in
the (preferably two-dimensional) reference frame.

For the avoidance of any doubt, the drive voltage vector
could be provided by converting an initially determined drive
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voltage into the drive voltage vector, or by producing the drive
voltage in the form of the drive voltage vector in the first
place.

Use of a (preferably two-dimensional) reference frame can
be a particularly convenient way of representing the ampli-
tude and/or phase of voltages, particularly multi-phase volt-
ages, and may therefore provide a particularly convenient
way of determining a difference in amplitude and/or phase
between the drive voltage and the measured voltage, particu-
larly if the drive voltage and measured voltage are multi-
phase voltages (see below). Although use of a two-dimen-
sional reference frame is preferred, other reference frames,
e.g. athree-dimensional reference frame, may also be used, as
explained below.

Preferably, the (e.g. two-dimensional) reference frame is
constructed such that a vector in the (preferably two-dimen-
sional) reference frame provides information about the phase
and amplitude of a voltage or current, e.g. such that a difter-
ence between a drive voltage vector and a measured voltage
vector in the (preferably two-dimensional) reference frame is
representative of a difference in amplitude and/or phase
between a drive voltage (represented by the drive voltage
vector) and a measured voltage (represented by the measured
voltage vector).

The (preferably two-dimensional) reference frame may be
a stationary or a rotating (or “synchronous”) reference frame.
An example of a stationary reference frame in which a vector
provides information about the phase and amplitude of a
voltage or current is the “af” (or “Clarke’s”) frame, into
which a voltage and/or current can be converted using the
“Clarke” transformation. An example of a rotating reference
frame in which a vector provides information about the phase
and amplitude of a voltage or current is the “dq” (or “Park’s™)
frame, into which a voltage and/or current can be converted
using the “Park” transformation.

The inverter may be for converting a DC input to a multi-
phase AC output. For example, the method may include mea-
suring a multi-phase voltage of an AC output produced by the
inverter. Similarly, the method may include determining a
multi-phase drive voltage for controlling the inverter. Simi-
larly, the difference in amplitude and/or phase between the
drive voltage and the measured voltage may be a difference in
amplitude and/or phase between a multi-phase drive voltage
and a multi-phase measured voltage, e.g. such that the method
includes, if a difference in amplitude and/or phase between a
multi-phase drive voltage and a multi-phase measured volt-
age exceeds a pre-determined threshold, moditying the multi-
phase drive voltage to reduce the difference in amplitude
and/or phase between the multi-phase drive voltage and a
multi-phase measured voltage.

A “multi-phase voltage” can be viewed as describing mul-
tiple voltages, typically having a well defined (e.g. substan-
tially fixed) phase relationship, with each voltage belonging
to a respective “phase” of the multi-phase voltage. For
example, a multi-phase drive voltage can be viewed as
describing multiple drive voltages, with each drive voltage
belonging to a respective “phase” of the multi-phase drive
voltage. Similarly, a multi-phase measured voltage can be
viewed as describing multiple measured voltages, with each
measured voltage belonging to a respective “phase” of the
multi-phase measured voltage. Accordingly, measuring a
multi-phase voltage of a multi-phase AC output produced by
the inverter may therefore include measuring a respective
voltage of each phase of the multi-phase AC output, e.g. by
measuring each line to neutral voltage for a 4-wire three-
phase inverter or by measuring each line-line voltage for a
3-wire three-phase inverter.
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A common example of a multi-phase voltage is a “three-
phase voltage” which can be viewed as describing three volt-
ages, typically having a well-defined phase relationship (e.g.
with each voltage being phase shifted from the others by a
third of a cycle or 27/3 radians), with each voltage belonging
to a respective “phase” of the three-phase voltage.

Preferably, the method includes:

measuring a current of an AC output produced by the
inverter; and

if the measured current exceeds a predetermined threshold,
modifying the drive voltage to reduce the current of the AC
output produced by the inverter.

This “overcurrent limiting”, especially when used in con-
junction with the method of controlling an inverter already
described, may be particularly effective in reducing overcur-
rents without producing the “harsh” waveforms that can be
produced when using overcurrent limiting alone (see e.g.
FIGS. 4a-c, discussed below). For simplicity, in this overcur-
rent limiting, the drive voltage is preferably not provided as a
vector in the (preferably two-dimensional) reference frame,
e.g. because it has been converted back to its original form
(e.g. a single or multi-phase voltage).

For the avoidance of any doubt, the measured current, AC
output and/or drive voltage for the current limiting may
respectively be a multi-phase measured current, a multi-
phase AC output and a multi-phase drive voltage.

For the avoidance of any doubt, the “predetermined thresh-
0ld” for the “overcurrent limiting” need not be a fixed value
and could be one of a plurality of predetermined thresholds.
For example, if the measured current is a multi-phase mea-
sured current, then there may be a respective threshold for
each “phase” of the multi-phase measured current, and a
multi-phase drive voltage may be modified according to
which “phase” of the multi-phase measured current has
exceeded its respective threshold.

Preferably, the method includes controlling the inverter
based on the drive voltage, e.g. so as to produce an AC output
based on the drive voltage. The method may include control-
ling the inverter based on the drive voltage by producing
switching signals (e.g. pulse width modulated signals) for
controlling one or more switches of the inverter based on the
drive voltage, e.g. switching signals for controlling one or
more switches of the inverter to produce an output voltage
based on the drive voltage, e.g. as described above. For the
avoidance of any doubt, the drive voltage could be a multi-
phase drive voltage and the output voltage could be a multi-
phase output voltage, e.g. as described above. The one or
more switches may include one or more solid-state switches
and/or may be included in a switching bridge, as is known in
the art.

The step of controlling the inverter based on the drive
voltage preferably occurs after a step of, if a difference in
amplitude and/or phase between the drive voltage and the
measured voltage exceeds a predetermined threshold, modi-
fying the drive voltage to reduce the difference in amplitude
and/or phase between the drive voltage and the measured
voltage, and/or preferably occurs after a step of, if a measured
current exceeds a predetermined threshold, modifying the
drive voltage to reduce the current of the AC output produced
by the inverter. Thus, the drive voltage used to control the
inverter may have been modified to reduce the difference in
amplitude and/or phase between the drive voltage and the
measured voltage modified or reduced as described above.
Similarly, the drive voltage used to control the inverter may
have been modified to reduce the current of the AC output
produced by the inverter as described above.
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One or more steps as described above may be included ina
control frame (or “switching frame”), with the method
including repeating the control frame, e.g. at regular intervals,
e.g. at a frequency of 1.5-4 kHz. For example, each control
frame, a new voltage of an AC output produced by the inverter
may be measured, a new drive voltage for controlling the
inverter may be determined (and modified if a difference in
amplitude and/or phase between the drive voltage and the
measured voltage exceeds a predetermined threshold), and
the inverter may be controlled e.g. to produce an AC output
based on the new drive voltage. Note that an AC output
produced by the inverter based on a drive voltage each control
frame may be only be a small portion of a complete AC cycle.

The method may be performed with the inverter connected
to a grid (“grid-connected operation™), which may be a grid
that can be treated as a “stiff” voltage source (e.g. such that an
impedance between a point of common coupling between the
inverter and the grid is small compared to a per-unit inverter
impedance), or may be performed with the inverter not con-
nected to a grid (“islanded operation”).

The first aspect of the invention may provide any combi-
nation of the above features, e.g. a method of controlling an
inverter for converting a DC input to an AC output, the
method including:

measuring a multi-phase voltage of an AC output produced
by the inverter, wherein the multi-phase measured voltage is
converted into a measured voltage vector representative of the
multi-phase measured voltage in a two-dimensional refer-
ence frame;

determining a multi-phase drive voltage for controlling the
inverter, wherein the multi-phase drive voltage is provided as
a drive voltage vector representative of the multi-phase drive
voltage in the two-dimensional reference frame; and

if a difference between the drive voltage vector and the
measured voltage vector in the two-dimensional reference
frame exceeds a predetermined threshold, modifying the
drive voltage vector to reduce the difference between the
drive voltage vector and the measured voltage vector in the
two-dimensional reference frame.

Any aforementioned multi-phase voltage may be a three-
phase voltage, for example.

A second aspect of the invention may provide a controller
for controlling an inverter to convert a DC input to an AC
output, the controller being configured to:

measure a voltage of an AC output produced by the
inverter;

determine a drive voltage for controlling the inverter; and

if a difference in amplitude and/or phase between the drive
voltage and the measured voltage exceeds a predetermined
threshold, modify the drive voltage to reduce the difference in
amplitude and/or phase between the drive voltage and the
measured voltage.

Thus the controller may be suitable for performing the
method of the first aspect. Accordingly, the controller may
have (or be configured to perform) any one or, to the is extent
that they are compatible, any combination of the optional
features corresponding to the optional features of the method
of the first aspect. For example, the controller may have any
one or, to the extent that they are compatible, any combination
of the following optional features.

For example, the controller may be configured to convert
the measured voltage into a “measured voltage” vector rep-
resentative of the measured voltage in a (preferably two-
dimensional) reference frame. For example, the controller
may be configured to provide the drive voltage as a “drive
voltage” vector representative of the drive voltage in the
(preferably two-dimensional) reference frame. For example,
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the controller may be configured to, if a difference between
the drive voltage vector and the measured voltage vector in
the (preferably two-dimensional) reference frame exceeds a
pre-determined threshold, modify the drive voltage vector to
reduce the difference between the drive voltage vector and the
measured voltage vector in the (preferably two-dimensional)
reference frame.

For example, the controller may be for controlling an
inverter to convert a DC input to a multi-phase AC output.
Accordingly, the controller may be configured to measure a
multi-phase voltage of an AC output produced by the inverter.
Similarly, the controller may be configured to determine a
multi-phase drive voltage for controlling the inverter. Simi-
larly, the controller may be configured to, if a difference in
amplitude and/or phase between a multi-phase drive voltage
and a multi-phase measured voltage exceeds a pre-deter-
mined threshold, modify the multi-phase drive voltage to
reduce the difference in amplitude and/or phase between the
multi-phase drive voltage and a multi-phase measured volt-
age.

For example, the controller may be configured to:

measure a current of an AC output produced by the
inverter; and

if the measured current exceeds a predetermined threshold,
modify the drive voltage to reduce the current of the AC
output produced by the inverter. For example, the controller
may be configured to control the inverter based on the drive
voltage, e.g. so as to produce an AC output based on the drive
voltage. The controller may be configured to control the
inverter based on the drive voltage by producing switching
signals (e.g. pulse width modulated signals) for controlling
one or more switches of the inverter based on the drive volt-
age, e.g. switching signals for controlling one or more
switches of the inverter to produce an output voltage based on
the drive voltage, e.g. as described above. For the avoidance
of any doubt, the drive voltage could be a multi-phase drive
voltage and the output voltage could be a multi-phase output
voltage, e.g. as described above.

For example, one or more steps as described above may be
included in a control frame (or “switching frame”), with the
controller being configured to repeat the control frame, e.g. at
regular intervals, e.g. at a frequency of 1.5-4 kHz.

The controller may be included in an inverter for convert-
ing a DC input to an AC output.

Accordingly, the second aspect of the invention may pro-
vide an inverter for converting a DC input to an AC output, the
inverter including a controller as described above, e.g. a con-
troller configured to:

measure a voltage of an AC output produced by the
inverter;

determine a drive voltage for controlling the inverter; and

if a difference in amplitude and/or phase between the drive
voltage and the measured voltage exceeds a predetermined
threshold, modify the drive voltage to reduce the difference in
amplitude and/or phase between the drive voltage and the
measured voltage.

The inverter may have one or more switches. The controller
may be configured to control the inverter based on the drive
voltage, e.g. so as to produce and AC output based on the drive
voltage. The controller may be configured to control the
inverter based on the drive voltage by producing switching
signals (e.g. pulse width modulated signals) for controlling
the one or more switches of the inverter based on the drive
voltage, e.g. switching signals for controlling the one or more
switches of the inverter to produce an output voltage based on
the drive voltage, e.g. as described above. For the avoidance
of any doubt, the drive voltage could be a multi-phase drive
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voltage and the output voltage could be a multi-phase output
voltage, e.g. as described above.

The inverter may have one or more filter components
which may be configured to act to filter an output voltage
produced by the one or more switches, e.g. to smooth an
output voltage produced by the one or more switches, e.g. to
produce a smoothed, e.g. sinusoidal, output voltage. For
example, the smoothed output voltage could be a multi-phase
(e.g. three-phase) smoothed output voltage. This may be
appropriate if, for example, the output voltage produced by
the one or more switches has a rectangular waveform, or
multiple rectangular waveforms (e.g. with each phase of a
multi-phase output voltage having a respective rectangular
waveform), as described above.

Each operation performed by the controller may be per-
formed by a respective component or means of the controller.
For example, the controller may have a component config-
ured to measure a voltage of an AC output produced by the
inverter; a component configured to determine a drive voltage
for controlling the inverter; and a is component configured to,
if a difference in amplitude and/or phase between the drive
voltage and the measured voltage exceeds a predetermined
threshold, modify the drive voltage to reduce the difference in
amplitude and/or phase between the drive voltage and the
measured voltage.

For the avoidance of any doubt, each component of the
controller may respectively be implemented in software (e.g.
as software code) and/or hardware (e.g. as physical circuitry).

A third aspect of the invention may provide a computer-
readable medium having computer-executable instructions
configured to cause a controller of an inverter to perform a
method according to the first aspect of the invention.

The invention also includes any combination of the aspects
and preferred features described except where such a combi-
nation is clearly impermissible or expressly avoided.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described by
way of example with reference to the accompanying draw-
ings in which:

FIG. 1 is a generalised diagram of a three-phase inverter
installed in a power distribution network, under potential fault
conditions.

FIGS. 2a-d are diagrams of the inverter shown in FIG. 1,
which include different possible implementations of the con-
troller included in the inverter of FIG. 1.

FIGS. 3a-c areplots, produced in a simulation, showing the
bridge currents which result using the controller of FIG. 2a
due to close-in faults.

FIGS. 4a-c are plots, produced in a simulation, showing the
bridge currents which result using the controller of FIG. 26
due to close-in faults.

FIG. 5 is a diagram shows how steady-state current and
power flow (active and reactive) across a lossy inductor can be
determined when a drive voltage E£ 8 is applied at a left hand
side, and a voltage V20 is measured at the other side.

FIG. 6 is a graphical representation of Equation (10), dis-
cussed below.

FIGS. 7a-c areplots, produced in a simulation, showing the
bridge currents which result using the controller of FIG. 2¢
due to close-in faults.

FIGS. 8a-c areplots, produced in a simulation, showing the
bridge currents which result using the controller of FIG. 2d
due to close-in faults.
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DETAILED DESCRIPTION AND FURTHER
OPTIONAL FEATURES OF THE INVENTION

In general, the following discussion describes examples of
these proposals that relate to a method controlling an inverter
in which a drive voltage (for controlling the inverter) is modi-
fied to reduce a difference in amplitude and/or phase between
the drive voltage and a measured voltage of an AC output
produced by the inverter, if the difference is (or becomes) too
large.

In the specific examples described below, the modification
is performed in a stationary (e.g. “afy”) or rotating (e.g. “dq”)
two-dimensional reference frame, and can therefore be char-
acterised as “a limiting method in a stationary or rotating
two-dimensional reference frame”.

The described method may allow use of an inner voltage
control loop instead of an inner current control loop.

The inventor has found that the described method may
provide islanded or fault ride-through operation with a syn-
chronous generator type response, whilst also providing over-
current protection for the inverter devices, and also allowing
the inverter to continue operation to ride-through a fault.

Preferably, the described method involves the use of low-
bandwidth inner voltage loop(s), preferably such that the
frequency and voltage (or power angle and voltage in grid-
connected mode) are controlled, rather than the currents. This
can allow good power sharing between multiple inverters,
and allows islanded/small power system operation. It also can
allow good network support during faults, since the control
preferably tends to mimic the response of a synchronous
generator. The inventor has found that if the drive voltage is
not modified to reduce a difference in amplitude and/or phase
between the drive voltage and the measured voltage if the
difference is too large, then the inverter may be at risk of
over-currents during faults or overloads.

The described method preferably allows a low-bandwidth
voltage control loop to function unimpeded most of the time,
providing good power quality. However, when there is a high
risk of overcurrent, the described method preferably acts to
clip the drive voltages, preferably in a two-dimensional
frame, preferably so as to significantly reduce overcurrents in
switching devices of the inverter, preferably while still
attempting to provide the best possible voltage support. Some
additional supporting methods are also described, which
preferably work in tandem with a limiting method in a sta-
tionary or rotating two-dimensional frame

To implement the invention, a method of controlling an
inverter may be embedded within an inverter control algo-
rithm, which may be based on an inner voltage control loop.
Use of an inner voltage control loop in this context is thought
to be unconventional, and is therefore described for context.

Within the following descriptions, all voltages, currents,
and component values are in per-unit (pu).

FIG. 1 is a generalised diagram of an inverter 1 installed in
a power distribution network, under potential fault condi-
tions.

The inverter 1 is preferably a three-phase inverter for con-
verting a DC input into a three-phase AC output. The inverter
1 preferably has one or more switches, one or more filter
components 4, 6 and a controller 10 for controlling the
inverter 1 to convert a DC input to a three-phase AC output.

The one or more switches may include one or more solid-
state switches and/or may be included in a switching bridge 2,
as is known in the art.
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The one or more filter components 4, 6 preferably include
an inductive filter 4 and damped filter components 6. An
impedance associated with the filter components 4, 6 is
shown in FIG. 1 as R, +jX;.

The controller 10 is preferably configured to control the
inverter 1 based on a three-phase drive voltage, which is
described in more detail below, e.g. so as to produce a three-
phase AC output based on the three-phase drive voltage. The
controller 10 is preferably configured to control the inverter 1
based on the three-phase drive voltage by producing switch-
ing signals (e.g. pulse width modulated signals) for control-
ling the one or more switches of the inverter 1 to produce a
three-phase output voltage based on the three-phase drive
voltage.

By way of example, each phase of a three-phase output
voltage produced by the one or more switches could have a
respective rectangular waveform with a duty cycle that is
based on a respective phase of the three-phase drive voltage,
e.g. with each rectangular waveform corresponding to, e.g.
having an average voltage that is approximately equal to,
substantially equal to or approximately linearly proportional
to, a respective phase of the three-phase drive voltage.

The one or more filter components 4, 6 may be configured
to act to filter a three-phase output voltage produced by the
one or more switches, e.g. to smooth a three-phase output
voltage produced by the one or more switches, e.g. to produce
a smoothed, e.g. sinusoidal, three-phase output voltage. This
may be appropriate if, for example, the three-phase output
voltage produced by the one or more switches has multiple
rectangular waveforms, e.g. with each phase having a respec-
tive rectangular waveform as described above.

The inverter 1 is shown in FIG. 1 as being optionally
coupled to a transmission grid 20 at a point of common
coupling (PCC) 30. A switch 40 determines whether the
inverter 1 is coupled to the grid (“grid-connected operation™)
or is not coupled to the grid (“islanded operation”), according
to whether the switch 40 is closed or open.

A possible fault 50 is also shown in FIG. 1. The fault 50
could, for example, be a three-phase (to ground) fault, a
two-phase (phase-to-phase) fault, or a single phase (to
ground) fault, for example.

Various loads and/or generators may be distributed at arbi-
trary points within the power distribution network of FIG. 1,
which here has been simplified to the impedances 60, 70, 80
each having a respective impedance R +jXs Rg+iXs,
R+ X

The controller 10 is preferably configured to measure a
three-phase voltage V,, =V ,, V,, V. (e.g. by measuring each
line to neutral voltage for a 4-wire inverter, or each line-line
voltage for a 3-wire inverter) and a three phase current
1,5e=14 1, 1. of an AC output produced by the inverter 1, e.g.
at three output lines of the inverter 1. Other measurements
may also be made. The controller 10 may include a phased-
locked-loop (PLL) 110 that may be used to track the three-
phase measured voltage V ..

The three-phase measured voltage V. and measured
three-phase current [, . can be converted (or “transformed”)
to a respective vector in a two-dimensional (or “2-axis”)
reference frame, e.g. by the Park transformation component
115 shown in FIGS. 2a-d (described below). This can be done
either by using a stationary reference frame transformation to
transform the voltages and/or currents to a stationary refer-
ence frame or a rotating reference frame transformation to
transform the voltages and/or currents to a rotating reference
frame (sometimes called a “synchronous” reference frame).
An example of a stationary reference frame transformation is
the Clarke transformation (sometimes called an “afi” or
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“afy” transformation), which can be used to transform a
voltage or current to the “aff” (or “Clarke’s”) frame. An
example of a rotating reference frame transformation is the
Park transformation (sometimes called a “dq” transforma-
tion), which can be used to transform a voltage or current to
the “dq” (or “Park’s”) frame.

An example of the Clarke transformation (for the positive
sequence) as applied to a three-phase measured voltage
V5=V, Vp, V. is:

Ll 1 o
o], 2 2 v,
pl=2o Y3 Y3 x|w
3 2 2 v
L4 11 1 ¢

2 2 2
2 21 21 2
Vip= (@t B =3[ Ve+ &3 Vo re S V.| @

where V. is a “measured voltage” vector representative
of the three-phase measured voltage V. in the “af” frame
(superscript p indicates positive sequence), and a, {3, v are the
components of the three-phase voltage after the Clarke trans-
formation has been applied. Note that so as to arrive at a
vector in a two-dimensional reference frame, the y component
of the transformed three-phase voltage is not used. This y
component is the “zero sequence” component of the trans-
formed three-phase voltage.

The Park transformation has several variants, any of which
can be made to work, so long as consistency is maintained. An
example of the Park transformation (for the positive
sequence) as applied to a three-phase measured voltage
V5=V, Vp, V. is:

. . 27 . 2r 3)
sin(6) sm(@ - —] sin| 6 + —]
» 3 3
\¥ 5 Va
on on
VP =2 - — \7
p 3 cos(8) 005(0 3 ) cos(@ + 3 ) x| Vp
Vo 1 1 Ve
3 Z Z
2 . y 27 y 27 4
V= V7 Vi = 2 E O, + G0 Ty, 1 MGy ] “
5

I U S
Vi = (V] +Vf]):§]el[va+e SV, e TV

where V. is a “measured voltage” vector representative
of the three-phase measured voltage V. in the “dq” frame
(superscript p indicates positive sequence), and V /%, V_*,V,
are the components of the three-phase voltage after the Park
transformation has been applied. Note that so as to arrive at a
vector in a two-dimensional reference frame, the V, compo-
nent of the transformed three-phase voltage is not used. This
V, component is the “zero sequence” component of the trans-
formed three-phase voltage.

The Park transformations are related to the Clarke trans-
formations, and the Park transformations can be made equiva-
lent to the Clarke transformations by setting 6 to 0 and apply-
ing basic rotations or reflections (conjugations).

Equations (1) to (5) refer to a three-phase measured voltage
V e but can be applied in exactly the same way to a mea-
sured three-phase current [ .. Inverse transformations also
exist, and can be used to convert vectors in a stationary or
rotating two-dimensional reference frame to 3-phase quanti-
ties where necessary.
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In 3-wire inverters, there is by definition no zero sequence.
In 4-wire inverters, there may be finite zero sequence quan-
tities.

Note that a two-dimensional reference frame can be used
with multi-phase voltages other than three-phase voltages,
using an appropriate transformation. For example, a two-
dimensional reference frame could be used with a seven-
phase voltage.

Referring back to FIG. 1, the three-phase measured voltage
V ,5es ©.g. which may be measured at the damped filter com-
ponents 6, may be transformed to a stationary or rotating
(“synchronous™) two-dimensional reference frame, and
passed to the PLL 110. The PLL 110 may provide the value 6
which is used in (3) to define the rotating two-dimensional
reference frame (if used), and also to provide a measure of the
frequency f.

The measured voltage vector V* or V, * is preferably
evaluated, e.g. according to equation (1) or (3), every discrete
control frame (control frames are discussed in more detail
below), and as such may represent an “instantaneous”, e.g.
unfiltered and/or unaveraged, voltage. The measured voltage
vector V¥ or V7 may consist of a “steady-state” value
which represents the positive-sequence fundamental voltage
components, plus oscillating harmonic terms which represent
any negative sequence, DC (0” harmonic), or higher-order
harmonic components [1] [15]. For the “dq” frame, these
components can cause the measured voltage vector V,” or
V7 to rotate around a “steady state” measured voltage vector
Vii ! in elliptical or circular orbits, although the overall tra-
jectory may be very complex due to the effects of many
superimposed effects.

If the “dq” frame is used, the negative-sequence, DC, and
higher-order harmonics can be filtered from the measured
voltage vector V, # to leave only the positive-sequence fun-
damental components given by a “steady state” measured
voltage vector V , * !, preferably by averaging V. ag over 1 AC
cycle time, where 1 AC cycle time is the period of the AC
output produced by the inverter i.e. 1/f seconds, e.g. using
information from the PLL 110. The averaging may be per-
formed by the single cycle averaging component 125
described below, for example. If the “aff” frame is used, then
either Fourier techniques [16] [17] or other band-pass filter-
ing techniques could be used [3]. Similar techniques can also
be used in the “dq” frame.

From here, the description mostly assumes use of the Park
transformation to transform voltages and currents into the
“dq” frame. However, it should be appreciated that the same
principles could also be applied using the “c,p” frame,
another reference frame, or without using any reference
frame.

FIGS. 2a-d are diagrams of the inverter 1 shown FIG. 1,
which include different possible implementations of the con-
troller 10 included in the inverter 1 of FIG. 1.

The controllers 10c, 10d shown in FIGS. 2¢ and 2d are
preferred implementations of the controller 104 included in
the inverter 1 of FIG. 1. The controllers 10a, 105 shown in
FIGS. 2a and 25 are shown for comparative purposes.

The controller 10a shown in FIG. 2a preferably has the
following components: a phase lock loop (PLL) 110, a Park
transformation component 115, a power measurement com-
ponent 120, a single-cycle averaging component 125, a droop
slopes component 130, an error signals component 135, pro-
portion-integral-derivative (PID) controllers 140, an inverse
Park component 150, a minimisation of DC current injection
component 155, an angle advance (controller lag compensa-
tion) component 165, and a pulse width modulation (PWM)
component 170.
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The controller 1056 of FIG. 25 is the same as that of FIG. 2aq,
but has been modified to additionally include a final time
domain current limiting component 160.

The controller 10c of FIG. 2¢ is the same as that of FIG. 2aq,
but has been modified to additionally include a drive voltage
vector modification component 145.

The controller 10d of FIG. 24 is the same as that of FIG. 2aq,
but has been modified to additionally include a drive voltage
vector modification component 145 and a final time domain
current limiting component 160.

Note that each component shown in FIGS. 2a-d may
respectively be implemented in software (e.g. as software
code) and/or hardware (e.g. as physical circuitry).

Referring to the controller 10a of FIG. 2a, the controller
10q is preferably configured to measure a voltage of an AC
output produced by the inverter; determine a drive voltage for
controlling the inverter; and control the inverter based on the
drive voltage. Preferably, these steps are included in a control
frame, with the controller 10a being configured to repeat the
control frame, e.g. at regular intervals, e.g. at a frequency of
1.5-4 kHz.

Preferably, the control frame also includes: if a measured
current of an AC output produced by the inverter 1 exceeds a
predetermined threshold, modifying a drive voltage to reduce
the current of the AC output produced by the inverter; and/or
if a difference in amplitude and/or phase between the drive
voltage (e.g. provided as a drive voltage vector in a two-
dimensional reference frame) and a measured voltage (e.g.
converted to a measured voltage vector in a two-dimensional
reference frame) exceeds a predetermined threshold, modi-
fying the drive voltage to reduce the difference in amplitude
and/or phase between the drive voltage and the measured
voltage. Examples of how such operations can be imple-
mented are described below with reference to FIGS. 25-d.

The controller 10a shown in FIG. 2a preferably imple-
ments a method of controlling the inverter 1 (“control
scheme”) that uses voltage control loop, a rotating reference
frame, PID controllers 140, and “FV” (frequency and volt-
age) control. However, similar diagrams could equally be
drawn for inverters implementing a method that uses a sta-
tionary reference frame, e.g. with PR (proportional and reso-
nant) controllers, and/or for inverters using “PQ” (active and
reactive power) control.

The drive voltage determined by the controller 104 is pref-
erably a three-phase drive voltage and for controlling the
inverter e.g. to produce a three-phase AC output based on the
three-phase drive voltage. It may be produced, for example,
based on a three-phase measured voltage and/or three-phase
current of an AC output produced by the inverter, e.g. the
above-described three-phase measured voltage V,,, =V, V,,
V., or three phase current 1, =I,, I,, I.. Control schemes
which use a drive voltage are known in the art. For the avoid-
ance of any doubt, the drive voltage may be a theoretical
voltage, e.g. represented by a value or set of values that is/are
used to control the inverter, but not actually produced as a
voltage during the method.

Preferably, the three-phase drive voltage is for controlling
the inverter indirectly, e.g. with the controller 10a producing
switching signals (e.g. pulse width modulated signals) for
controlling the one or more switches of the inverter 1 to
produce a three-phase output voltage based on the three-
phase drive voltage.

By way of example, each phase of a three-phase output
voltage produced by the one or more switches could have a
respective rectangular waveform with a duty cycle that is
based on a respective phase of the three-phase drive voltage,
e.g. with each rectangular waveform corresponding to, e.g.

10

15

20

25

30

35

40

45

50

55

60

65

16

having an average voltage that is approximately equal to,
substantially equal to or approximately linearly proportional
to, a respective phase of the three-phase drive voltage.

Preferably, the three-phase drive voltage is provided as a
“drive voltage” vector E 7 in the same two-dimensional ref-
erence frame as the measured voltage vector V ,.#. The drive
voltage vector E, # may be phase advanced (or retarded) from
Vi by aparticular angle 8, and may have a particular vector
magnitude |B, ?I. As is known in the art, two proportional-
integral or proportion-integral-derivative (PID) controllers
140 can be used to determine 6 and B, /| if a rotating e.g.
“dq” reference frame is used, since the vectors V , # landE i
will generally not be rotating, and will normally be close to
the point 140j (pu, per-unit). If a stationary e.g. “aff” refer-
ence frame is used, then two proportional-plus-resonant (PR)
controllers can be used [4] [7].

There are different options for the input error signals to the
PID controllers 140. In an islanded mode, or if the inverter is
playing an active part in frequency/voltage control, then “FV”
control is preferably used, e.g. with error signals, e.g. pro-
duced by the error signals component 135, being:

Frequency error (target minus factually measured from the

PLL) to the d controller.

Voltage error (target minus 1V ;. » !| actually measured from

the PLL) to the IE,”| controller.

Both frequency and voltage targets are preferably drooped,
e.g. by the droop slopes component 130, with appropriate
slopes and responses (based upon measured active and reac-
tive power tflows respectively) e.g. so as to allow both active
and reactive power sharing between inverters, without power
flow oscillations or circulating currents, e.g. using the droop
slopes component 130. To droop frequency and voltage tar-
gets, real and reactive power P,Q are preferably calculated,
e.g. by the power measurement component 120.

If the inverter 1 is grid-connected to a large power system
(relative to its rating) then a “PQ” control method can be used,
where the targets are given not as frequency or voltage but as
active and reactive power. In this case, error signals to the PID
controllers 140, e.g. produced by the error signals component
135, could be:

Active power error (target minus actually measured) to the

d controller.

Reactive power error (target minus actually measured) to

the IE 7| controller.

Here, attention is preferably paid to the implementation of
droop slopes to the active and reactive power targets (against
frequency and voltage respectively). When connected to stiff
grids in normal operation, it might be possible to set droop
slopes that leave the active and reactive power targets invari-
ant against frequency and voltage. Such a control method
might even be suitable for brief faults, if the control band-
widths are slow enough or control outputs can be “held”
during the fault. During sustained fault conditions, however,
this mode might be inappropriate.

In either “FV” or “PQ” control, the control bandwidths
need not be high, and the controllers therefore lend them-
selves to low switching frequency operation, e.g. 1.5-4 kHz.
An idea behind this is to replicate the effect of a synchronous
generator, by synthesising a relatively invariant balanced
sinusoidal voltage source E ;. ? hidden by its “transient reac-
tance”, which physically is the primary inverter filter induc-
tance R;+jX;, connected between the switching bridge and
the filter capacitors.

To close the control loops with hardware, the drive voltage
vector B, * is preferably converted to a three-phase voltage
(i.e. to the three-phase drive voltage that was being repre-
sented by the drive voltage vector E,?), e.g. by creating the
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complex vector E,# from 8 and IE,”|, and then using an
inverse Park transformation (for the synchronous rotating
reference frame version), e.g. as applied by the inverse Park
component 150, or using an inverse Clarke transformation
(for the stationary reference frame version) to provide the
three-phase drive voltage E_, =E . E,, E

As noted above, the controller 10a preferably controls the
inverter 1 based on the three-phase drive voltage E , , e.g. by
producing switching signals (e.g. pulse width modulated sig-
nals) for controlling the one or more switches of the inverter
1 based on the three-phase drive voltage E , . to produce a
three-phase output voltage based on the three-phase drive
voltage E .. By way of example, each phase of a three-phase
output voltage produced by the one or more switches could
have a respective rectangular waveform with a duty cycle that
is based on a respective phase of the three-phase drive voltage
E,_ ;.. €.g. with each rectangular waveform corresponding to,
e.g. having an average voltage that is approximately equal to,
substantially equal to or approximately linearly proportional
to, a respective phase of the three-phase drive voltage E , .

The switching signals may be produced by the PWM com-
ponent 170, for example.

It is often desirable to also make small adjustments to the
three-phase drive voltage E ., before it is used to produce
switching signals, using control loops to minimise any DC
currents which can flow from such inverters, due e.g. to small
asymmetries in component properties and finite PWM timing
resolution. This may be implemented by the minimisation of
DC current injection component 155, for example.

Also, an angle advance compensator 165 may apply a
phase advance to the three-phase drive voltage E,, .. This may
be used to compensate for a finite controller/switching time
lag between the instant of measurement of V. and the mid-
point of the first switching duty cycle at which the new values
of E_,. appear at the switching bridge 2. This time lag may
typically be of the order of 1 to 2 switching frames.

The controller 10a would be able to function without the
compensator 165, but use of a compensator 165 helps to
reduce the required action from the controllers 140, and can
also improve the implementation of a drive voltage vector
modification component 145 (described below with reference
to FIGS. 2¢ and 2d).

The method of controlling an inverter implemented by
FIG. 24 has been found to be viable within inverters during
non-fault conditions. It has excellent network support prop-
erties on the AC network side, although unbalance and har-
monics on the AC network voltages do tend to result in higher
levels of ripple on the DC bus than with more conventional
current-control methods.

A problem with the method of controlling an inverter
implemented by FIG. 2a is that during a fault, an overcurrent
will generally result, due to the relatively slow bandwidth of
the inner voltage (3 and |E, 71) control loops, and the lack of
any direct control over the output currents or bridge currents
(currents at the switching bridge 2).

FIGS. 3a-c areplots, produced in a simulation, showing the
bridge currents which result using the controller 10a of FIG.
24 due to close-in faults. Three faults are shown: a balanced
three-phase (to ground) fault (FIG. 3a), a two-phase (phase-
to-phase) fault (FIG. 35), and a single phase-to-ground fault
(FIG. 3¢).

From FIGS. 3a-¢, it can be seen that the currents peak at
almost 8 pu (per unit), because the inverter filter inductance is
about 0.15 pu. Note that, for the purposes of the simulation,
the faults are applied within the main network, and the
inverter 1 is connected through a star-delta transformer. This
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affects the fault currents so that, for example, the single-phase
fault produces over-currents in two phases within the inverter
1.

To counter this, it is possible at a late (e.g. final) stage to
modify the three-phase drive voltage E ., in order to attempt
to avoid any values of I,,. which exceed design limits.
Because it is typically applied at a late stage, this technique
can be referred to as “last ditch” overcurrent limiting.

The controller 105 of FIG. 25 preferably implements “last
ditch” overcurrent limiting, e.g. by the final time domain
current limiting component 160 being configured to, if a
measured current (e.g. any phase I, I,, 1. of the above-de-
scribed measured three-phase current I ,,) exceeds a prede-
termined threshold (there may be a respective predetermined
threshold for each phase of the measured three-phase current
1,,.), modify the three-phase drive voltage E . to reduce the
current of the AC output produced by the inverter, e.g. so as to
attempt to avoid any values of I , . which exceed design lim-
its.

By way of example, the “last ditch” overcurrent limiting
can be achieved with a simple threshold scheme which leaves
eachphaseE ,E,, and E_ofthe three-phase drive voltageE .
alone if they are less than the design limits, but, otherwise,
temporarily modifies each phase of the three-phase drive
voltage E ,, . by suitable quantities to bring the current(s) back
within respective design limits as soon as possible. Ideally
this will be by the next control frame. An example of how to
achieve this for a single phase is given in Equation (6) below,
although other options exist, including (high-bandwidth)
control loops:

X, di 6)
(LTS e ) M—}E} 1>
Eadjust = L X dI
djust k((|1| - m)(RL + 27rf—T) + ZH_fE]’ I< =Ly
0, otherwise

for each phase

whereE,_ ., is the amount by which each phase I, I, I_of
the three-phase drive voltage E . is respectively adjusted, T,
is the control frame time and k is a gain constant, typically in
the range 0.5 to 2. Note that Equation (6) is preferably evalu-
ated individually for each phase. After all three phases have
been dealt with, it may also be required to remove the zero-
sequence component from the three-phase drive voltage E .

FIGS. 4a-c are plots, produced in a simulation, showing the
bridge currents which result using the controller 1056 of FIG.
25 due to close-in faults. Three faults are shown: a balanced
three-phase (to ground) fault (FIG. 4a), a two-phase (phase-
to-phase) fault (FIG. 44), and a single phase-to-ground fault
(FIG. 4¢).

In the simulation used to produce FIGS.
to 1.25 pu, and k to 2.

As can be seen from FIGS. 4a-¢, relying on “last ditch”
overcurrent limiting alone can lead to relatively nasty or
“harsh” waveforms, since the response is generally of high
bandwidth and so generally needs to produce harsh adjust-
ments to the drive voltages. Although not shown in FIGS.
4a-c, setting k to less than 2 generally results in larger over-
currents and is generally not effective.

The present invention has been devised in light of these
considerations and preferably involves, if a difference in
amplitude and/or phase between the drive voltage and the
measured voltage exceeds a predetermined threshold, modi-

4a-c, 1

y “max

was set
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fying the drive voltage to reduce the difference in amplitude
and/or phase between the drive voltage and the measured
voltage.

Preferably, this modification is performed in a stationary or
rotating two-dimensional reference frame, e.g. the “aff” or
“dq” reference frame described above. If the modification is
performed in a two-dimensional reference frame, then it can
be viewed as characterised as “a limiting method in a station-
ary or rotating two-dimensional frame”.

For example, rather than waiting until any of the individual
“phase” currents within the measured three-phase current [,
become larger than athreshold I, , .a simple limiting step can
first be applied to the three-phase drive voltage (which may be
represented by the drive voltage vector E . 7), such that it does
not deviate too far in amplitude and/or phase from the three-
phase measured voltage (which may be represented by the
measured voltage vector V ;7). The rationale behind this is as
follows.

FIG. 5 is a diagram shows how steady-state current and
power flow (active and reactive) across a lossy inductor can be
determined when a drive voltage E£ 8 is applied at a left hand
side, and a voltage V 20 is measured at the other side (in FIG.
5, the notation “Z ¢” means “at a phase angle of ¢”).

In this analysis, it is assumed that the system is at steady-
state, with all voltages and currents balanced and perfectly
sinusoidal. In other words, the analysis presents a phasor (or
vectorial) solution only, rather than an accurate dynamic tran-
sient representation of the full 3-phase system.

The following is an extension of the well-known equation
V=IR.

_Et5-v
T R+jX

o

In order to analyse the potential for overcurrent, we need to
find the magnitude of the potential resulting current flow.

|ELS - V]|
IR+ jX|

8
= ®

which is the magnitude of the vector distance between the
voltages, divided by the magnitude of the complex impedance
(with all values in per-unit).

Therefore, to attempt to limit steady-state balanced funda-
mental currents to a value of less than or equal to 1,,,,., we
would expect to limit the magnitude of the vector E£8-V
such that it is less than or equal to I, -IR+jXI, i.e.

EL6-VIs=a], \/R2+X2

. ©

Here a factor a has been introduced. This has a value of
notionally unity, although it can be optimised to provide the
best performance.

In effect, Equation (9) limits a difference in magnitude
and/or phase between the drive voltage EZd and the mea-
sured voltage V.

The controller 10¢ of FIG. 10c¢ preferably implements
Equation (9), e.g. by the drive voltage vector modification
component 145 being configured to take the relatively steady
value of the drive voltage vector E, ? from the 8 and IE,”
voltage control loops, and then, if a difference between the
drive voltage vector E,? and the measured voltage vector
Vi exceeds the predetermined threshold oL, R,%+X,°,

modifying the drive voltage vector E* to reduce the differ-
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ence between the drive voltage vector E,;,* and the measured
voltage vector V, ?, e.g. resulting in a modified drive voltage
vector B, 7".

Because the two-dimensional reference frame is con-
structed such that a vector in the two-dimensional reference
frame provides information about the phase and amplitude of
a voltage or current, a difference (E, 7~V ) between the
drive voltage vector B, ? and the measured voltage vector
V7 in the two-dimensional reference frame is representative
of a difference in amplitude and/or phase between the three-
phase drive voltage E . and the three-phase measured volt-
age V... Accordingly, moditying the drive voltage vector
B,/ to reduce a difference between the drive voltage vector
E,” and the measured voltage vector V , # in the “dq” frame
if the difference exceeds a predetermined threshold is the
same as modifying the three-phase drive voltage E_,_ to
reduce a difference in amplitude and/or phase between the
three-phase drive voltage E . and the three-phase measured
voltage V ;...

There are many different ways in which the drive voltage
vector B, # could be modified to reduce a difference between
the drive voltage vector E ; # and the measured voltage vector
V. for example, the drive voltage vector B, 7 could be
modified, e.g. so as to limit its value, e.g. dependent upon an
“instantaneous” measured voltage vector V. e.g. as mea-
sured at the PLL 110, e.g. according to the equation:

|E 2"~ Vg P |=min(eL, o VR *+X; 2, |E 1 7~V P1)

LEL YVl L E s~V ad) (10)

According to Bquation (10), the drive voltage vector B, © is
modified so that the difference between the modified drive
voltage vector E, *' and the measured voltage vector V ;. is
made the lesser value of a1, VR, *+X,” and IE, 7~V ,7I,
while the phase angle of the difference between the modified
drive voltage vector B, *" and the measured voltage vector
Vi is left identical to the phase angle of the difference
between the drive voltage vector E; * and the measured volt-
age vector V. 7.

FIG. 6 is a graphical representation of Equation (10).

Note that the measured voltage vector V ;. ” used in Bqua-
tion (10) preferably represents an “instantaneous”, e.g. unfil-
tered and/or unaveraged, three-phase voltage measured at the
PLL 110, rather than an averaged or filtered value such as
V2

(q)ther equations for modifying the drive voltage vector
B,/ couldalso be envisaged. For example, instead of limiting
the difference between the measured voltage vector V ;. 7 and
the drive voltage vector E ;. * to a circle in the “dq” frame (as
shown in FIG. 6), the difference could instead be limited to a
square or oblong box in the “dq” frame (this may produce
slightly inferior results, but is likely to be easier to implement
in software).

For the avoidance of any doubt, the above described “pre-
determined threshold” need not be a fixed value and could be
one of a plurality of predetermined thresholds. For example,
in a power system with a wide frequency range, the per-unit
value of X; could be dependent upon the frequency f, thereby
causing the threshold to change over time. Additionally, the
parameter o could be adjusted, e.g. depending on component
temperatures or operational priorities, e.g. so as to allow
different per-unit values of overcurrent at different times
depending upon component temperatures or operational pri-
orities. Either of these two adjustments, as examples, might
lead to real-time adjustment of the thresholds.

Since the above-described method of reducing the difter-
ence between a three-phase drive voltage and a three-phase
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measured voltage is based upon a phasor analysis, it can be
expected to work well for steady-state balance faults. During
the steady-state portion of such a fault, the measured voltage
vector V,,.» will generally be relatively steady at a value with
magnitude significantly less than 1 pu, and the limiting will
work well. However, at fault inception, or the removal of the
fault condition, the measured voltage vector V , # may rapidly
traverse a trajectory from one point to another, possibly with
oscillations and irregular velocity. During these transient
timeframes, the voltage and current waveforms may contain
harmonic, DC (the 0” harmonic), and negative sequence
components, which may not be explicitly accounted for in the
“dq” frame limiting. However, the preferred use of an “instan-
taneous”, e.g. unfiltered and/or unaveraged, measured volt-
age vector V7, rather than the filtered or averaged value
A ! in the method of reducing the difference between a
three-phase drive voltage and a three-phase measured volt-
age, means that the harmonics and negative sequence are
partly accounted for. The higher order voltage harmonics are
not of so much concern, since the resulting currents are lim-
ited by the impedance of the inductor which increases
approximately linearly with harmonic order. The 0% har-
monic (DC voltage offsets and DC current offsets) however,
are a significant concern, since the magnitude of the imped-
ance of the inductor is extremely low at DC. The exact effect
generally depends upon the point-on-wave at which the tran-
sient(s) occur, having a similar effect to transformer inrush.

Similarly, for unbalanced faults, although the above-de-
scribed method of reducing the difference between a three-
phase drive voltage and a three-phase measured voltage may
not be theoretically fully effective in all scenarios, it can be
partly effective at limiting the currents due to negative
sequence voltage dips. Again, the 0 harmonic is a significant
concern, due to the inductor impedance.

This can be shown by running a simulation based on the
controller 10¢ shown in FIG. 2¢, which preferably includes a
drive voltage vector modification component 145 that pref-
erably implements the above-described method of reducing
the difference between a three-phase drive voltage and a
three-phase measured voltage, but does not implement the
“last ditch” overcurrent limiting of I . (it does not have the
final time domain current limiting component 160).

FIGS. 7a-c are plots, produced in a simulation, showing the
bridge currents which result using the controller 10¢ of FIG.
2¢ due to close-in faults. Three faults are shown: a balanced
three-phase (to ground) fault (FIG. 7a), a two-phase (phase-
to-phase) fault (FIG. 75), and a single phase-to-ground fault
(FIG. 7¢).

Inthe simulation, I,
to 1.25

It can be seen that, compared to FIGS. 3a-c, the peak
overcurrents in FIGS. 7a-c are reduced from 8 pu to 2 pu,
without using the harsh “last ditch” overcurrent limiting of
1,,.- However, the peak currents still exceed the value of
1,,..=1.25 More strictly, in this case, since a value a=1.25 was
used, expected peak currents for balanced cases should be
limited to 1,,,.-a=1.25-1.25=1.56 pu. In the balanced case,
after the initial transient period, it can be seen that the peak
currents are limited to this value. However, in the unbalanced
cases, sustained overcurrents still occur above the 1.56 pu
level. The fault inception in the balanced case also shows
decaying DC bias offsets which also cause brief overcurrents.

Due to the imperfect application to negative sequence and
the potential for DC overcurrents, it is desirable to use the
above-described method of reducing the difference between a
three-phase drive voltage and a three-phase measured voltage
in combination with the “last ditch” overcurrent of ;.

was still set to 1.25 pu, and o was set
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Accordingly, the controller 104 of FIG. 2d preferably
includes both the drive voltage vector modification compo-
nent 145 of FIG. 10¢ and the final time domain current lim-
iting component 160 of FIG. 24.

FIGS. 8a-c areplots, produced in a simulation, showing the
bridge currents which result using the controller 10d of FIG.
2d due to close-in faults. Three faults are shown: a balanced
three-phase (to ground) fault (FIG. 8a), a two-phase (phase-
to-phase) fault (FIG. 84), and a single phase-to-ground fault
(FIG. 8¢).

To obtain optimum performance, simulations over a num-
ber of different fault cases can be used to tune the gains
(notionally unity) and k. In the simulation used to produce
FIGS. 8a-¢, 1,,,,=1.25, o (see Equation (10)) was 1.25 and k
(see Equation (6)) was 0.5.

As can be seen from FIGS. 8a-¢, due to the extremely
beneficial action of the above-described method of reducing
the difference between a three-phase drive voltage and a
three-phase measured voltage (performed by the drive volt-
age vector modification component 145), it is found that the
“last ditch” overcurrent limiting of 1, (performed by the
final time domain current limiting component 160) is only
used to make small adjustments to the three-phase drive volt-
age E ., during the initial fault inception (and removal), or
when the fault is highly unbalanced. It can also be seen that
the gain k of'the “last ditch” overcurrent limiting of 1, .can be
reduced from 2 to 0.5, while still providing the same level of
overall protection. This removes high-frequency oscillations
when the 1, limitation is activated, and improves power
quality during the fault.

FIGS. 8a-c appear to show the best performance from all
the simulation results. This demonstrates the effective nature
of the above-described method of reducing the difference
between a three-phase drive voltage and a three-phase mea-
sured voltage (performed by the drive voltage vector modifi-
cation component 145) at limiting overcurrents, especially
when used in conjunction with “last ditch” overcurrent lim-
iting of 1. (performed by the final time domain current
limiting component 160). The use of the above-described
method of reducing the difference between a three-phase
drive voltage and a three-phase measured voltage (performed
by the drive voltage vector modification component 145)
allows much lower gains to be used within the “last ditch”
overcurrent limiting of 1, _, leading to a smoother response
and better power quality during faults.

While the invention has been described in conjunction with
the exemplary embodiments described above, many equiva-
lent modifications and variations will be apparent to those
skilled in the art when given this disclosure. Accordingly, the
exemplary embodiments of the invention set forth above are
considered to be illustrative and not limiting. Various changes
to the described embodiments may be made without depart-
ing from the spirit and scope of the invention.

For example, for an inverter having a neutral conductor,
e.g. a four-wire three-phase inverter, rather than ignoring (or
throwing away) “zero sequence” information in a Clarke/
Park transformation, during a fault, any measured “zero
sequence” information could be “fed-forward” to the calcu-
lation of a four-wire drive voltage vector which could be
expressed as B, * which includes the 2-dimensional positive
sequence value B, # and also the zero sequence term Ey,. The
limiting performed by the drive voltage vector modification
component 145 in the controllers 10c and 104 shown in FIGS.
2c¢ and 2d could be enhanced to limit the difference between
a four-wire drive voltage B ;. and a measured voltage V ;.
This limiting could be carried out by use of a 3-dimensional
sphere centred on V. similarly to the circle limiting
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described in Equation (10). Alternatively, the limiting could
be carried out for B, ? using circle limiting in the dq plane
exactly as in Equation (10), with a linear limiting used to
restrict E, within a given threshold of V,,. A limiting based on
a 3-dimensional rectangular box around V ,_* could also be
used, which would possibly be easier to implement in soft-
ware but might not be as effective. Other variants could be
envisaged by a skilled person.
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The invention claimed is:

1. A method of controlling an inverter for converting a DC
input to an AC output, the method including:

measuring a voltage of an AC output produced by the

inverter;

determining a modified drive voltage for controlling the

inverter, the modified drive voltage being provided by a
difference between a measured voltage and frequency
and a target voltage and frequency, or a difference
between a measured real power and reactive power and
a target real power and reactive power; and
ifadifference in amplitude and/or phase between the modi-
fied drive voltage and the measured voltage exceeds a
predetermined threshold, further limiting the modified
drive voltage to reduce the difference in amplitude and/
or phase between the modified drive voltage and the
measured voltage, and if the difference in amplitude
and/or phase between the modified drive voltage and the
measured voltage does not exceed the predetermined
threshold, not further limiting the modified drive volt-
age, wherein:
the measured voltage is transformed into a measured
voltage vector representative of the measured voltage
in a stationary or rotating reference frame;
the modified drive voltage is provided as a drive voltage
vector representative of the modified drive voltage in
the stationary or rotating reference frame; and
the method includes, comparing the drive voltage vector
and the measured voltage vector and determining
whether there is a difference between the drive volt-
age vector and the measured voltage vector in the
stationary or rotating reference frame that exceeds a
pre-determined threshold, and if the difference
exceeds the pre-determined threshold, then limiting
the drive voltage vector to reduce the difference
between the drive voltage vector and the measured
voltage vector in the stationary or rotating reference
frame.

2. The method according to claim 1, wherein the stationary
or rotating reference frame is a two-dimensional reference
frame.

3. The method according to claim 1, wherein the method
includes:

measuring a multi-phase voltage of the AC output pro-

duced by the inverter;

determining a multi-phase drive voltage for controlling the

inverter; and

if a difference in amplitude and/or phase between the

multi-phase drive voltage and the multi-phase measured
voltage exceeds a pre-determined threshold, modifying
the multi-phase drive voltage to reduce the difference in
amplitude and/or phase between the multi-phase drive
voltage and the multi-phase measured voltage.
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4. The method according to claim 1, wherein the measured
voltage vector and the drive voltage vector are provided by
one of a Park transformation or a Clarke transformation, and
the method further includes:

carrying out an inverse transformation to provide a time

domain drive vector voltage;

measuring a current of the AC output produced by the

inverter; and

if the measured current exceeds a predetermined threshold,

limiting the modified drive voltage in the time domain to
reduce the current of the AC output produced by the
inverter.

5. The method according to claim 1, wherein the method
includes controlling the inverter based on the modified drive
voltage.

6. The method according to claim 1, wherein the method
includes controlling the inverter by producing switching sig-
nals for controlling one or more switches of the inverter based
on the modified drive voltage.

7. The method according to claim 1, wherein one or more
of the steps are included in a control frame, the method
including repeating the control frame.

8. The method according to claim 1, wherein the method
includes:

measuring a multi-phase voltage of the AC output pro-

duced by the inverter, wherein the multi-phase measured
voltage is converted into a measured voltage vector rep-
resentative of the multi-phase measured voltage in a
two-dimensional reference frame;

determining a multi-phase drive voltage for controlling the

inverter, wherein the multi-phase drive voltage is pro-
vided as a drive voltage vector representative of the
multi-phase drive voltage in the two-dimensional refer-
ence frame; and

if a difference between the drive voltage vector and the

measured voltage vector in the two-dimensional refer-
ence frame exceeds a predetermined threshold, modify-
ing the drive voltage vector to reduce the difference
between the drive voltage vector and the measured volt-
age vector in the two-dimensional reference frame.

9. The method according to claim 1, wherein any multi-
phase voltage is a three-phase voltage.

10. A non-transitory computer-readable medium having
computer-executable instructions configured to cause a con-
troller of the inverter to perform a method according to claim
1.

11. The method according to claim 1, further comprising
controlling the inverter based on the modified drive voltage
during a fault condition to provide fault ride-through opera-
tion.

12. The method according to claim 1, further comprising
using the modified drive voltage to provide switching volt-
ages for the inverter.

13. The method according to claim 1, wherein the pre-
determined threshold provides a limit for a magnitude of the
modified drive voltage, thereby clipping the modified drive
voltage when the modified drive voltage exceeds a pre-deter-
mined value.

14. The method according to claim 13, wherein the pre-
determined determined value is determined by the equation
ol, VR 24X,

15. The method according to claim 1, further comprising
adjusting the modified drive voltage so that the frequency
and/or voltage, or alternatively the real and/or reactive powers
match a respective pre-determined value, and the comparison
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of'the modified drive voltage and measured voltage vectors is
carried out after adjusting the modified drive voltage.

16. A controller for controlling an inverter to convert a DC
input to an AC output, the controller being configured to:

measure a voltage of an AC output produced by the

inverter;

determine a modified drive voltage for controlling the

inverter, the modified drive voltage being provided by a
difference between a measured voltage and frequency
and a target voltage and frequency, or a difference
between a measured real power and reactive power and
a target real power and reactive power; and
ifadifference in amplitude and/or phase between the modi-
fied drive voltage and the measured voltage exceeds a
predetermined threshold, further limiting the modified
drive voltage to reduce the difference in amplitude and/
or phase between the modified drive voltage and the
measured voltage, and if the difference in amplitude
and/or phase between the modified drive voltage and the
measured voltage does not exceed the predetermined
threshold, not further limiting the modified drive volt-
age, wherein the controller is configured to:
transform the measured voltage into a measured voltage
vector representative of the measured voltage in a
stationary or rotating reference frame as a measured
voltage vector;
provide the modified drive voltage as a drive voltage
vector representative of the modified drive voltage in
the stationary or rotating reference frame as a drive
voltage vector; and
compare the drive voltage vector and the measured volt-
age vector and determine whether there is a difference
between the drive voltage vector and the measured
voltage vector in the stationary or rotating reference
frame that exceeds a pre-determined threshold, and if
the difference exceeds the pre-determined threshold,
then limit the drive voltage vector to reduce the dif-
ference between the drive voltage vector and the mea-
sured voltage vector in the stationary or rotating ref-
erence frame.

17. The controller according to claim 16, wherein the sta-
tionary or rotating reference frame is a two-dimensional ref-
erence frame.

18. The controller according to claim 16, wherein the con-
troller is configured to:

measure a multi-phase voltage of the AC output produced

by the inverter

determine a multi-phase drive voltage for controlling the

inverter; and

if a difference in amplitude and/or phase between a multi-

phase drive voltage and a multi-phase measured voltage
exceeds a pre-determined threshold, modify the multi-
phase drive voltage to reduce the difference in amplitude
and/or phase between the multi-phase drive voltage and
a multi-phase measured voltage.

19. The controller according to claim 16, wherein the mea-
sured voltage vector and the drive voltage vector are provided
by one of a Park transformation or a Clarke transformation,
and the controller is further configured to:

carry out an inverse transformation to provide a time

domain drive vector voltage;

measure a current of the AC output produced by the

inverter; and

ifthe measured current exceeds a predetermined threshold,

limit the modified drive voltage in the time domain to
reduce the current of the AC output produced by the
inverter.
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20. An inverter for converting a DC input to an AC output,
the inverter including a controller according to claim 16.
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